Nanopores were fabricated using a transmission electron microscope (TEM). By manipulating TEM parameters, such as relative stage settings, electron beam shape and dwell time, it was possible to fabricate both single and ordered arrangements of nanopores with controlled geometries in silicon nitride membranes supported on a silicon window. Three distinct nanopore geometries with circular, elliptical and triangular cross-sections were fabricated. The smallest critical dimension reported here is on the order of 3 nm for the elliptical pore.
Introduction
Solid-state nanopores (SSNs) have been used to detect and characterize DNA, RNA, proteins, nucleic acid and peptides with single-molecule precision [1] [2] [3] . It has been shown that electrokinetically driven transport of biopolymers through nanopores produces an ion blockage current which can contain characteristic information, such as chemical composition, about the specific biopolymer [4, 5] being translocated across the SSN. The blockage current method has been useful in developing nanopore-based platforms for DNA sequencing [4, [6] [7] [8] . In addition, SSNs have been the topic of study for understanding how pore geometry, properties and fluctuations within nanopores affect measurements of biomolecules or water transport [9] [10] [11] [12] [13] . SSNs provide increased chemical, mechanical and electrical stability with broad functionality in a wider range of solvents, electrolyte concentrations, temperatures and operational voltages [14] [15] [16] in contrast to bio-nanopores such as those with phospholipidembedded protein channels. Furthermore, since most SSNs are made from materials compatible with microfabrication and nanofabrication, these nanopores also allow for integration in micro-total analysis systems (μ-TAS) or Lab-on-Chip devices with precisely designed and controlled pore sizes and geometries. SSNs also provide an opportunity to engineer specific surface chemistry within nanopores [11] .
Over the past decade, there has been significant progress in the fabrication of SSNs in commonly used materials such as SiO 2 , Si 3 N 4 (silicon nitride) and PMMA membranes [17, 18] . Several approaches have been used to fabricate nanopores including lithographic methods [19, 20] , template-based methods [21] , and wet or dry etching methods [5, 7, 22, 23] .
Ion-beam and electron-beam etching and sculpting have been previously used to fabricate nanopores [1, 14, 17, 18, 20, 24, 25] . Nanopores can be formed in a wide variety of membrane materials by an electron beam (e-beam) in a field emission transmission electron microscope (TEM) [1, 25, 26] . The method of using a TEM provides many advantages over other fabrication techniques such as focused ion beam (FIB) etching [14] , nuclear track etching and wet etching. For example, using an intense e-beam such as that of a TEM (200 kV accelerating voltage) permits fabrication of precise nanopores with diameters as low as 2 nm, allowing for single-molecule detection of double stranded DNA molecules [15, 27] . It also allows for size control by contraction and expansion processes [1, 26] , and can be used in conjunction with other methods such as FIB etching. Another advantage of using a TEM for nanopore fabrication is that the construction and manipulation of the nanopores can be constantly imaged in real-time, allowing for feedback on the nanopore formation process. One concern with TEM-based nanopore fabrication processes is the low throughput for fabrication; however, the ability to make nanoscale pores with near-molecular dimensions provides a powerful tool to conduct many different studies [1, 2, [24] [25] [26] [27] .
Recently, research effort has focused on understanding and controlling the shape of the SSNs. Experiments have shown that by changing the beam size and beam intensity, it is possible to change the sidewall angles [28] . Despite this progress, little research has been done on the manipulation of fabrication parameters to produce different geometrical crosssection nanopores with most fabricated with circular crosssection, including tapered nanopores [29] . Other methods such as interstitial etching with nanosphere lithography have been used to generate triangular pores with smallest inplane width of 44 nm [19] , but otherwise fabrication of non-circular geometries has been very limited. Since at nanometer length scales transport of ions and biomolecules are strongly influenced by nanopore-species interactions [11, 30] , nanopore geometry can also be an important parameter toward controlling and manipulating transport of various species as translocation through nanopores occurs.
In this technical note, a method is described that allows for fabrication of both single and arrays of nanopores with controlled geometries by manipulating TEM operational parameters. Three cross-section geometries were demonstrated, a standard or commonly used circular crosssection, an elliptical cross-section and a triangular crosssection with the smallest nanopore dimension reported here being on the order of 3 nm.
Methods and materials
All nanopores reported here were fabricated by using either a JEOL 2010F or Technai F20 field emission TEM in the scanning transmission electron microscope mode with an X-TWIN lens (FEI). The nanopores were fabricated in freestanding 30 nm thick Si 3 N 4 membranes (Structure Probe, Inc.) supported on a Si window. Therefore, the length of all the pores is 30 nm. The schematic in figure 1 shows a digital image of the membrane window with the supporting silicon structure used as the substrate for nanopore fabrication. Nanopores with different cross section geometries can be fabricated by translating the stage in the x-y directions during pore fabrication along with manipulation of other parameters as discussed below.
The TEM was operated at an accelerating voltage of 200 kV with a 20 μm condenser aperture. The camera length is 163 mm and FEG emission was 63 μA. A high-angular annular dark-field (HAADF) imaging detector was used to capture the images of the pores. Physical manipulation of TEM operational parameters as discussed below, with respect to the focused e-beam was used to obtain various geometries of nanopores. Etching time for each nanopore was approximately 2 min and is primarily determined by the thickness of the membrane substrates. Instrument specifications give a spot resolution of 0.25 nm and a line resolution of 0.102 nm.
Results and discussion
As a starting point, the first cross-section geometry fabricated was a circular cross-section to replicate results already known for TEM fabrication of nanopores. Figure 1 shows that circular cross-section nanopores can be fabricated similar to those previously reported [1, 25] . Figure 1 shows a 5.3 nm pore with an etch time of 2 min.
The beam shape can be altered by changing the astigmator on the condenser lens control. By changing the astigmator settings, a near-perfect ellipse shape was achieved as shown in figure 2(B) , and demonstrates an elliptical nanopore with a length to width ratio of 36 × 5 nm. As the etch time at a single location was increased to reach 2 min without stage translation, a more rounded profile was achieved with the nanopore approaching a circular cross section. In contrast, a continuous translation of the sample stage with respect to the drilling e-beam produced a pore with an elliptical cross-section as seen in figure 2(C). The elliptical shape was fabricated by translating the stage in the x-y plane along the major axis, which was along the x-direction and located horizontally (see figure 1) .
However, since stage translation is a manual process, it can also introduce errors in the fabrication as shown in figure 2(C) , where the fabricated nanopore was not completely elliptical. The stage was translated at 10.5 nm min −1 with pore fabrication time being on the order of 2 min. Figure 2(A) shows that the smallest dimension achievable is 3.1 ± 0.5 nm.
Apart from single nanopores, ordered arrangements or arrays can also be fabricated. Figure 3 shows one such arrangement for the elliptical pores. The pores in figure 3(A) are 4 ± 0.4 × 2.6 ± 0.6 nm. In addition, figure 3(A) also demonstrates the errors in manually translating the stage in an attempt to achieve a perfect 'O' for the nanopore array. The nanopores that spell out 'H' and 'I' are 5.8 ± 0.7 × 3.0 ± 0.5 nm as shown in figure 3(B) . The results reported here suggest that smaller elliptical nanopores (for example, compare figures 2(B) and 3(B)) show a larger error in dimensional control as a fraction of the nominal pore size. Instrument specifications report beam drift is less than 1 nm min −1 but under these conditions beam drift was 3 nm min −1 , leading to position of nanopores shifting from intended location as marked by the dotted line in figure 3 .
A third cross-section geometry was also fabricated. The triangular shape was obtained by first shifting the stage in one direction and then twice again at 45
• angles to fabricate a nearly isosceles triangle. Therefore, sample stage manipulation with respect to the fixed e-beam can lead to a wide variety of geometries. It must be noted that maintaining manual stage motion in a consistent manner is critical for defect-free fabrication.
It can be noted from figure 4 that the vertices for the triangular cross-section are rounded. There are two possible reasons for this rounding of the corners. The e-beam has a circular cross-section, i.e. the 'drill-bit' in this case has a circular profile. Furthermore, as the nanopore is etched through the entire 30 nm membrane the total etching time leads to further rounding of the corners and edges as discussed previously [5, 7, 26] . The nanopore in figure 4(A) also shows the rounding error in the top-vertex due to lack of positional control over the stage during the fabrication process with the base being 12 nm long and the tip to base distance being approximately 14 nm. As the manual manipulation of the stage is managed better (see figure 4(B) ), a better triangular crosssection was achieved with a base of 10 nm and tip-base height of 14 nm.
Conclusions
Two main operational parameters for the TEM were controlled, the stage manipulation and the condenser lens astigmatism to yield elliptical, triangular, and circular cross-section nanopores. This note reported on the fabrication of three cross-section geometries with the smallest dimension on the order of 3 nm (or 2.6 ± 0.6 nm) with a transmission electron microscope for an elliptical cross-section nanopore. The smallest dimension achieved for triangular cross-section nanopores was 10 nm along the base of the triangle. The precision control over the dimensions was within 0.7 nm for all fabricated nanopores. Relatively easy replication of nanopores also allows for fabrication of nanopore arrays as demonstrated for the elliptical cross-section nanopores.
